The enhanced effect of chemiluminescence (CL) of lucigenin (Luc 2+ ) at a flat liquid/liquid interface and at O/W emulsions was demonstrated. The CL was emitted when Luc 2+ was transferred from an organic phase to an aqueous one containing NaOH and H2O2. The CL intensity and emission spectrum depended strongly on the kind of organic solvent. We attempted to apply the CL reaction of Luc 2+ in the O/W emulsion system to the analysis of H2O2. The available analytical conditions were discussed from the aspects of the kind of organic solvent, the reaction time and wavelength detected.
Introduction
Inhomogeneous aqueous environments such as micelles, liposomes, and vesicles are well-known to induce the enhancement of chemiluminescence, CL, allowing some applications to highly sensitive analyses. Micellar environments are popular CL enhanced systems, 1 in which CL is enhanced due to the condensation of hydrophobic species into micelles or to the electrostatic interaction between the charged moiety of surfactant and ionic reactants. Such enhancement is occasionally due to the effective energy transfer. 2, 3 The water pool inside liposomes also was demonstrated to act as a catalytic CL environment, accompanied by the selective permeation of luminescent reagents and reactants. 4 On the other hand, the CL in inhomogeneous two-phase system composed of water and oil has not been applied extensively, with the exception of the reverse micellar systems. The reverse micellar medium was utilized to dissolve the hydrophobic sample in an organic phase, O, 5, 6 to separate samples from interferents, 7 or to utilize a metal complex in O as a catalyst of CL reaction. 8 Especially from the aspect of the CL in the emulsions of O in W type, namely, O/W emulsions, there were only a few reports that an oxalate ester as a luminescent reagent was dissolved and stabilized in O/W emulsions. 9, 10 The two-phase system can produce efficiently some interfacial-specific phenomena such as the distribution of neutral or ionic species, the interfacial adsorption or aggregation, and the specific solvation. If the CL reactions in two-phase systems are extended to analytical chemistry, it is possible to take advantage of the above interfacial specificities.
Lucigenin, Luc 2+ , was adopted as an ionic luminescent reagent. In this study, it was dissolved in O. Luc 2+ in O was transferred to an aqueous phase, W, to obtain the CL accompanied by the interfacial transfer of Luc 2+ , which is effective for the observation of the luminescence specific to the liquid/liquid interface. Two kinds of water-oil systems were attempted. One is a flat W/O interface system where the ion transfer was controlled by a voltammetry at a liquid/liquid interface. [11] [12] [13] The other is the O/W emulsion system where the transfer of Luc 2+ was attained by the ion exchange with hydrophobic cation in W. The CL reaction of Luc 2+ with H2O2 was investigated, and the influence of organic solvents on CL spectrum was examined to allow the discussion of the luminescence mechanism and the establishment of the analytical conditions of H2O2.
Experimental

Chemicals
The nitrate salt of Luc 2+ , N,N¢-dimethyl-9,9¢-biacridinium dinitrate (Aldrich Chemical Co., No. M8010), was employed without further purification. The tetrapentylammonium salt of tetrakis [3,5- to 0.1 M Brij-35 in a centrifuge tube by using a tube mixer (max. 2500 rpm). A fresh emulsion solution was employed to avoid any time-dependence of the CL reaction. The organic solvents examined in this study were chloroform (CF), 1,2-dichloroethane (DCE), 1,6-dichlorohexane (DCH), nitrobenzene (NB), o-nitroanisole (o-NA), benzonitrile (BN) and acetophenone (AP).
ANALYTICAL SCIENCES FEBRUARY 2009, VOL. 25
Apparatus
Electrochemical measurements were carried out using a threeelectrode cell system shown in Fig. 1 The asterisk * denotes the interface where E was controlled and Luc 2+ was transferred.
The potentiostat equipped with a positive feedback circuit, the function generator and the X-Y recorder used for the voltammetric measurement were Model HA1010mM1A (Hokuto Denko Co.), Model HB-104 (Hokuto Denko Co.) and Model F-35A (Riken Denshi Co.), respectively.
An optical fiber was settled under the W/O interface immediately outside the W, through which the light emission was collected.
The emitted light was directed into a monochrometer (JOBIN YVON Co., H-10 VIS) and was detected by a photomultiplier (Hamamatsu Photonics Co., R-928). The time-course of the emission intensity at a desired wavelength was recorded by the X-t recorder (Yokogawa Co., LR 4110E). The intensity of emission is expressed as the output potential (mV) from a photomultiplier with a current-voltage converter. In case of the CL measurements in the emulsion system, the emission intensity at each wavelength was recorded similarly, but an optical fiber was set from the side of a cuvette.
Results and Discussion
Chemiluminescence accompanied by electrochemical transfer of lucigenin ion at a liquid/liquid interface A cyclic voltammogram recorded at an interface between DCE containing 5.0 ¥ 10 -4 M Luc(TFPB)2 and W containing 0.10 M NaOH and 0.10 M H2O2 is shown in curve (a) of Fig. 2 . It was confirmed that the negative current peak could be attributed to the diffusion-controlled transfer of Luc 2+ from DCE to W, based on the dependence both on the concentration of Luc 2+ in DCE and on the square root of scan rate. The CL was detected at 420 nm simultaneously with the voltammetric measurement. The CL intensity increased with the negative scan of the potential, as seen in curve (b) of Fig. 2 , which indicates the CL was caused by the transfer of Luc 2+ from DCE to W. The time-courses of current and CL accompanied by the transfer of Luc 2+ were recorded after the potential was changed stepwise from 0.50 to 0.20 V under the same composition of W and O as in Fig. 2 ; the procedure was repeated every 5 nm from 350 to 600 nm. The magnitude of current after the potential step decreased according to Cottrell equation, indicating that the ion transfer process was diffusion-controlled and that the rate of the transfer of Luc 2+ decreased in a process that was proportional to the inverse of a square root of electrolysis time. 15 However, the CL intensity after the potential step gradually increased until it reached the maximum at 10 s after the potential step at 420 nm and at 20 s at 500 nm, as shown in Fig. 3 . Such results suggest that the CL reaction of Luc 2+ and H2O2 is relatively slow as compared with the interfacial ion transfer process and consists of two kinds of reaction processes with different emission spectra.
It is well-known that Luc 2+ is dissociated into two molecules of N-methylacridone (MA) in the presence of OH -and H2O2; one of these molecules, MA*, is in the excited state to emit CL, as given in Eqs. (1) and (2). 16 Luc 2+ 2OH -, H2O2 ae ae ae ae ae ae ae ae ae AE Luc(perox) ae AE MA + MA*
MA* ae AE MA + hn (blue)
A positive current peak corresponding to the backward transfer of Luc 2+ from W to DCE was observed at a scan rate of 0.01 V s -1 in the cyclic voltammogram of Fig. 2 , that is, the ion transfer process looks electrochemically reversible.
The dissociation reaction of Luc 2+ in W is considered to be quite slow as compared with the mass transfer near the interface. An intermediate peroxide of Luc 2+ , Luc(perox), is known to exist before the dissociation of Luc 2+ , as shown in Eq. (1). Accordingly, the conversion process to Luc(perox) is a ratedetermining step in the CL process of MA*.
Since Luc(perox) and MA (MA*) are electrically neutral and hydrophobic species, the existence of a hydrophobic medium promotes the distribution of Luc(perox) and MA (MA*) from W into an organic phase, followed by the rapid progress of the reaction (1) .
In order to compare the interfacial CL with the homogeneous CL in W, we injected in W using a syringe the same amount of Luc 2+ as that transferred to W during 2.5 s after the potential step and then the emission spectrum was compared with the electrochemical CL. For example, the maximum intensity of homogeneous CL in W was less than one-tenth of that of interfacial CL obtained at W/DCE interface, indicating that the electrochemical CL was catalyzed at the W/O interface.
The CL intensity at 2.5 s after the potential step in the range of 350 -600 nm was plotted to get a CL spectrum at a W/DCE interface. When the concentration of Luc 2+ in DCE was changed from 1.0 ¥ 10 -4 to 1.0 ¥ 10 -3 M, it was found that the maximum of CL spectra shifted to longer wavelength with an increase of the concentration, as in Fig. 4 . The dependence of CL spectrum in an aqueous solution on the concentration of Luc 2+ was reported previously; 17 such dependence was explained as the consequence of self-absorption by Luc 2+ . 18 However, in recent years, another mechanism has come to be generally accepted: that the spectrum change is based on the existence of two kinds of luminescent species, MA* and Luc*. 19, 20 Luminescence from MA* in organic solvent has a maximum around 420 nm, 19 so MA* is considered to make up the component of shorter wavelengths in the interfacial CL spectrum.
The energy transfer from a part of MA* to unreacted Luc 2+ is possible and the resulting excited Luc 2+ , denoted as Luc*, gives luminescence of longer wavelengths than that of MA*. 20 MA* + Luc 2+ ae AE MA + Luc*
Luc* ae AE Luc 2+ + hn¢ (green)
As the concentration of Luc 2+ is higher, the possibility of the energy transfer from MA* to Luc 2+ is higher, leading to the red shift of the CL spectrum. The energy transfer was not observed in the fluorescence measurement of MA in DCE containing Luc 2+ salt. This result indicates that the energy transfer does not occur in organic solvent but occurs between MA* in O and unreacted Luc 2+ in W. This is one of the appearances of the interfacial specificity.
As demonstrated in Fig. 3 , the luminescence from Luc* proceeds slowly as compared with that from MA*. This is the evidence that the energy transfer takes place at the interface and not in the bulk. Figure 5 shows CL spectra obtained using various organic solvents including DCE. The amount of Luc 2+ transferred by the potential step was different depending on the solvent, because of the differences of diffusion coefficient and degree of ion association in O. Accordingly, the CL intensity with each solvent in Fig. 5 was corrected on the basis of the magnitude of current for the transfer of Luc 2+ . Both the efficiency of emission and the spectrum depended significantly on the kind of organic solvent, which suggests that the CL does not occur by the reaction in W phase after the interfacial transfer of Luc 2+ but involves the reaction at the interface or in O.
Solvent effect on CL spectrum at a liquid/liquid interface
The maximum wavelength of CL spectrum for CF was as short as 420 nm, and the maximum intensity was about six times larger than that for DCE, as shown in Fig. 5 . The CL spectrum for CF agreed closely with the fluorescence spectrum of MA which was prepared in advance as a dissociation product of Luc 2+ in CF.
Accordingly, we consider that the main luminescent species at W/CF interface was MA* and that little formation of Luc* occurred by the energy transfer. This might be ascribed to the high extractability of MA and MA* from W into CF, which catalyzes the dissociation of Luc 2+ , leading to the strong CL emission around 420 nm. In contrast, the weaker emission and the red shift of spectrum were observed at the W/O interface with solvents other than CF. When acetonitrile (AN) was mixed into CF, the red shift and the lowering of the CL intensity were observed with an increase of the content of AN. One of the reasons may be that the rise in relative permittivity of the mixed solvent resulted in less distribution of MA and MA* into the organic phase. The CL spectra for other solvents of relative permittivity higher than CF had a maximum in the wavelength region longer than 420 nm, which suggests that the energy transfer from MA* to Luc 2+ happened more easily. The extremely weak emission at W/NB or W/o-NA interface was found from the fluorescence measurement of MA to be attributed to the quenching of excited state by the nitro groups of the solvent molecules.
Although the relative permittivity of DCH (9) is almost same as that of DCE (10), one should note that the spectrum for DCH is different from that for DCE. The spectrum at W/DCH interface depended on the concentration of Luc 2+ . At low concentration of 10 -4 M, the emission around 420 nm became strong and the spectrum resembled that for DCE. We considered that the efficiency of the energy transfer from MA* to Luc 2+ at W/DCH interface becomes high as the concentration of unreacted Luc 2+ increases, although the reason is not clear. As it is reported that the polarizability of the W/DCH interface is more pronounced compared with that of W/DCE interface, 21 the molecular structure of both interfaces may be rather different. In this connection, the existence of a mixed phase is proposed at interfacial regions of W/DCE interfaces in contrast to those of W/CCl4 interfaces. 22 The DCH molecule with longer structure might increase the degree of the interfacial mixing, which is favorable for the interfacial energy transfer.
As mentioned above, the CL attended by the interfacial transfer of Luc 2+ was found to depend strongly on the kind of organic solvent in terms of the emission intensity and spectrum, which were influenced by the process of the formation of MA and MA* from Luc 2+ as well as by the energy transfer from MA* to unreacted Luc 2+ in the interfacial region. From the aspect of the analytical applications, the organic solvent of low relative permittivity such as CF is considered to be effective for the strong emission. However, such a solvent system has a limitation of low solubility of Luc(TFPB)2 salt. Actually, the detection limit of H2O2 obtained in the above electrochemical CL system was a level of 10 -4 M at most.
Chemiluminescence in O/W emulsion system
The interfacial CL emission was applied to the emulsion system to aim at the improvement of CL sensitivity owing to an increase of the interfacial area. The O/W emulsion solution (0.1 cm 3 ) containing 0.010 M Luc(TFPB)2 in an oil droplet was mixed in a cuvette with an aqueous solution (0.5 cm 3 ) containing 1.0 M H2O2, using a magnetic stirrer. Then, an aqueous solution (0.5 cm 3 ) containing 0.10 M NaOH and 0.10 M TPenABr was injected using a syringe into the cuvette to initiate a CL reaction. The time-course of CL intensity after the injection was recorded. The addition of TPenA + in W was performed to cause the Luc 2+ in oil droplets expelled out to W by the ion exchange.
The CL intensity increased with an increase of the concentration of Brij-35 in the emulsion solution in the range of 5 ¥ 10 -4 to 0.1 M when the concentration of Luc 2+ in an oil droplet and the total volumes of organic phases dispersed in W were kept constant. For an example, curve (a) in Fig. 6 The CL in the O/W emulsion comprising droplets of DCE was compared with the homogenous CL in W. For the homogenous CL, an aqueous solution containing an equal amount of Luc(NO3)2 instead of an emulsion solution containing Luc(TFPB)2 in oil droplets was added in a cuvette, but other conditions in the cuvette were the same. The intensity of homogenous CL in W at 420 nm was about one tenth of the emission intensity obtained in the emulsion containing 0.10 M Brij-35. In addition, the CL was measured under the condition that Luc(NO3)2 exists in W together with the empty O/W emulsion not including Luc(TFPB)2 in oil droplets. The emission intensity at 420 nm with the empty O/W emulsion was about one half of that with the oil droplets containing Luc(TFPB)2. These results demonstrate the enhanced effect of CL created by the O/W emulsion containing Luc 2+ in oil droplets.
Solvent effect on CL spectrum in O/W emulsion system
The kind of applicable organic solvents in the emulsion system can be extended as compared with those applied in the electrochemical CL with some experimental limitations such as the solubility of supporting electrolyte or the difference between the relative densities of W and O. Here, BN and AP were added to the solvents of DCE, DCH and CF. The uses of NB and o-NA were cancelled because of the strong quenching effect. Figure 7 shows CL spectra in various O/W emulsion systems when the concentration of Luc 2+ in oil droplet was 10 -3 M and that of Brij-35 in the preparation of emulsion was 3 ¥ 10 -2 M, but other conditions were the same as in curve (a) in Fig. 6 . It is surprisingly noted that the emission for CF was weaker than that for DCE or DCH, although the W/CF interface gave the effective CL in the electrochemical system at a neat W/O interface. The disadvantage with CF became pronounced as the concentration of Luc 2+ was raised. The emulsion comprising CF droplets looked cloudy, although emulsions comprising other solvents were tinged with yellow which is the color of Luc 2+ . This observation indicates that the emulsion size of CF droplets is larger than those of other solvent droplets, resulting in the decrease of effective area for CL reaction. In addition, the above results suggest little interfacial mixing region for the effective reaction at the CF/W emulsion interface.
The CL emission in the BN/W emulsion system was the strongest among the organic solvents employed. The effective CL in the emulsion system was the emission at a relatively long wavelength. This situation was in contrast to that of the electrochemical CL, in which the CL from MA* around 420 nm could improve the sensitivity of analysis. The interfacial mixing at the O/W emulsion interface might give an environment suitable for the energy transfer from MA* to unreacted Luc 2+ because the energy transfer cannot occur easily in non-aqueous media. 19 The spectrum of micelle-enhanced CL was examined also by adding an aqueous solution containing equal amounts of Luc(NO3)2 and Brij-35 instead of an emulsion solution containing Luc(TFPB)2. As shown in Fig. 7 , the intensity of CL in the BN/W emulsion system exceeded that of the micelleenhanced CL. When we took the above results into account, BN was adopted for analysis in the emulsion system.
Application to the analysis of H2O2
In the Luc 2+ -H2O2 system, the formation rate of MA* which is approximately proportional to the intensity of CL from MA*, is expressed by the product of the concentrations of Luc 2+ , OHand H2O2, since the process of Eq. (1) is a rate-determining step. 23 Assumed that the concentrations of Luc 2+ and OH -are in excess of that of H2O2, the formation rate of MA* is proportional to the concentration of H2O2:
Accordingly, if the energy transfer from MA* to unreacted Luc 2+ is neglected, the linear relationship between the CL intensity and the concentration of H2O2 can be utilized according to the analysis of the first-order kinetics. In this connection, it is important for the analysis of H2O2 to pick over the emission at the initial stage of CL immediately after the mixing of reactants, where Luc* produced by the energy transfer is not a predominant luminescent species.
For this purpose, the detection of the emission below 440 nm is necessary because the emission of longer wavelengths is due to the CL from Luc*. When TPenA + as a cation exchanger was absent in W, it was found that CL spectra showed the red shift and the intensity decreased, indicating that the emission from Luc* was dominant. This situation is not favorable for the analysis based on the pseudo-first order kinetics of MA* formation.
Taking into consideration the above conditions, we attempted the analysis of H2O2 in the BN/W emulsion system when the concentration of Luc 2+ in oil droplet was 0.01 M and that of Brij-35 was 2 ¥ 10 -3 M. The high concentration of Brij-35 needed to produce a clear solubilized solution was not suitable for the analysis because the background emission by the reaction with oxygen hindered the analysis of H2O2 in low levels. A linear relationship in the calibration curve for H2O2 was obtained in the range of 5 ¥ 10 -5 to 0.020 M, as shown in Fig. 8 . Each data point is an average of five measurements. The lower detection limit was evaluated to be 2.8 ¥ 10 -5 M from 3.29s of blank signal according to the method of Currie and Svehla. 24 In the present study, the monochromator was employed for the spectrum analysis and consequently the emission detected by the photomultiplier became very weak. If the emission below 440 nm is integrated using a cut filter, the improvement of the sensitivity will be expected. 
